Introduction: Different dengue virus (DENV) serotypes have been associated with greater epidemic potential. In turn, the increased frequency in cases of severe forms of dengue has been associated with the cocirculation of several serotypes. Because Colombia is a country with an endemic presence of all four DENV serotypes, the aim of this study was to evaluate the in vivo and in vitro replication of the DENV-2 and DENV-3 strains under individual infection and coinfection conditions. Methodology: C6/36HT cells were infected with the two strains individually or simultaneously (coinfection). Replication capacity was evaluated by RT-qPCR, and the effects on cell viability were assessed with an MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Additionally, Aedes aegypti mosquitoes were artificially fed the two strains of each serotype individually or simultaneously. The viral genomes were quantified by RT-qPCR and the survival of the infected mosquitoes was compared to that of uninfected controls. Results: In single infections, three strains significantly affected C6/36HT cell viability, but no significant differences were found in the replication capacities of the strains of the same serotype. In the in vivo infections, mosquito survival was not affected, and no significant differences in replication between strains of the same serotype were found. Finally, in coinfections, serotype 2 replicated with a thousandfold greater efficiency than serotype 3 did both in vitro and in vivo. Conclusions: Due to the cocirculation of serotypes in endemic regions, further studies of coinfections in a natural environment would further an understanding of the transmission dynamics that affect DENV infection epidemiology.
Introduction
Currently, the most important arboviral disease worldwide is caused by the dengue virus (DENV) [1] . This disease can occur in several clinical forms that are commonly known as dengue and have been classified according to the level of severity as either dengue (with or without warning signs) and severe dengue [2] . The development of severe disease forms is associated with multiple factors, some of which are related to the virus and the virulence of some strains, and others that are related to the host immune response [3] . Approximately 96 million cases of dengue infection are reported annually [4] , mainly in the tropical and subtropical regions of the Asian [5, 6] , African [7] , and American [8] continents. In other words, approximately half of the global population is at risk for DENV-associated diseases.
The DENV replication cycle varies between vertebrate host cells (human primates) and invertebrate host cells (Aedes mosquitoes), and it is known that this alternation of hosts can significantly influence viral population variations [9] . Additionally, the virus must replicate in multiple tissues within the vector to infect a new susceptible host. If some viral populations fail to replicate effectively or otherwise replicate very efficiently in all vector organs that are involved in transmission, natural selection events that affect the biological efficacy can occur and thus confer greater viral variability [10] .
The variability of DENV has permitted its classification into four antigenically different serotypes (DENV-1 to DENV-4), and the cocirculation of these four serotypes in specific geographic regions is associated with the epidemic potential of DENV [11] . This is of particular interest in Colombia, which has recorded the cocirculation of all four serotypes since 2006 [12] . In addition to this phenomenon, in Colombia, strains of the Asian genotype of DENV-2 were introduced in the 1990s; these were grouped into a new Asian-American genotype [13] . These DENV-2 strains have been associated with increased virulence [14] and have been replacing the strains of American origin [15] . Furthermore, strains of the genotype III of DENV-3 reappeared in 2001 [12] ; these strains have also been associated with the presence of severe disease forms [16] . It is known that some DENV-2 genotypes might be more virulent [17] , and in Colombia, these have been associated with recent epidemics [13] . DENV-3 it has also been associated with severe disease forms since its reappearance in 2001 [16] .
Despite the constant circulation of all four serotypes and the increased virulence of some serotypes relative to others, there are few studies that have reported coinfection in a single individual. Coinfections have only been reported in Asian [19, 20] , Brazilian [20] , and Peruvian [21] patients. These cases of coinfection might be related to coinfections in the mosquito vector; however, there are also few reports about mosquito coinfections, and only a few studies have demonstrated the simultaneous existence of natural serotype 2 and 3 infections in Aedes populations from Asia and America [23, 24] . Additionally, the presence of intra-host competition in the vector, which may favor the replication of some viral variants over others, has been reported for other infection models, either between two serotypes of the same virus [24] or between strains of the same serotype [25] , thereby favoring the transmission of one of the variants. Similar behaviors have been reported for DENV and chikungunya virus coinfections, in which the percentages of infection spread were better for the Chikungunya virus [26] .
Given this background, this study evaluated whether two strains of DENV that originated from clinical isolates of the same genotype from serotypes 2 (Asian-American genotype) and 3 (genotype III), collected between 1995 and 2007 in Medellín, Colombia [27] , differed with regard to their replication capacities in both an in vitro (C6/36 HT cells) and an in vivo model (Aedes aegypti) and in both single infections and coinfections.
Methodology

Viruses and cell culture
The 
Maintenance of Aedes (Ae.) aegypti colonies
Aedes aegypti (Rockefeller strain) mosquitoes were maintained in an insectarium at an average temperature of 28°C and a relative humidity of 84% with photoperiods of 12 light hours and 12 dark hours. To obtain adult specimens, larvae from the same oviposition paper were reared in plastic containers at a density of 100 larvae per liter and were fed with 1 mg of sterile fish feed. When the individuals reached the pupal stage, they were transferred to insect breeding cages; once adults emerged, they were fed a 10% sugar solution ad libitum. The adult mosquitoes used in the experiments had emerged 7 to 10 days prior, and 50 females were placed into separate cages according to the feeding group in order to feed each of the strains to be evaluated.
Calibration curves for absolute quantification by realtime reverse transcription polymerase chain reaction (RT-PCR)
Specific segments of the C-prM regions that were obtained from the reference strains of the four DENV serotypes were cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA) according to standard protocols. Serial dilutions (1×10 8 to 1×10 3 genomic copies) of the plasmids with inserts for each serotype were run in real-time PCR (qPCR). The qPCR was performed using the Maxima SYBR Green qPCR Master Mix Kit (Fermentas; Thermo Scientific Inc., Waltham, MA, USA) with 2 µL of RT product from a previous reaction and 0.5 pmol of each previously reported serotype-specific primers (mD1, mTS2, andTS3) [28] , in a 20 µL total reaction mixture. The amplification involved one cycle for 10 minutes at 95°C for polymerase activation, 35 cycles at 95°C for 15 seconds, 50°C for 15 seconds, 72°C for 30 seconds, and a final extension of 78.5°C for 30 seconds. The Tm curve analysis was performed following amplification to confirm the identity of the amplified product by its specific Tm profile; the Tm curve analysis included a ramp from 70°C to 95°C at a rate of 0.2°C/5 seconds with continuous fluorescence measurement. The amplifications were performed on a Smartcycler (Cepheid, Sunnyvale, CA, USA) system, and the Ct values were analyzed by linear regression to obtain serotype-specific calibration curves that were used to quantify the viral RNA.
Replication capacity evaluation in C6/36 HT cells
C6/36HT cells (2.5×10 5 ) were seeded into 48-well plates. After 24 hours, the cells were infected with 2×10 5 genome copies/mL of each of the four aforementioned strains. At 96 hours post-infection, the supernatants were collected and stored at -70°C until processed to determine the amounts of viral genomes by RT-qPCR. Additionally, cell viability in the monolayers was measured by the method of metabolic reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Briefly, 100 µL per well of MTT prepared in phosphate buffer saline was added to the cells at a final concentration of 0.5 µg/mL, and the cells were incubated with this compound for three hours at 34°C in an atmosphere of 5% CO 2 . Next, 200 µL of dimethyl sulfoxide (DMSO, Thermo Fisher Scientific, Rockford, USA) was added to each well, and the absorbances were read on a Varioskan Flash spectrofluorometer (Thermo Fisher Scientific, Rockford, USA Thermo Scientific) at a wavelength of 450 nm.
Replication capacity evaluation in Ae. aegypti
Adult females were subjected to an oral challenge with each of the four virus strains mentioned previously through an artificial feeding system [29] . Each inoculum was prepared in sodium citrateanticoagulated human blood (obtained from a DENV infection-negative donor) to a final concentration of 2×10 5 viral genome copies/mL. Unfed females were selected with a manual vacuum and taken to a cage where they were anesthetized and sacrificed. Fed females were sacrificed at days 4, 8, 12, and 14 postfeeding (pf). The cephalothoraxes from groups of 6 to 10 mosquitoes were harvested and individually placed into 1.5 mL vials that were stored at -70°C until processing. Additionally, the effect of the oral challenge on the survival of mosquitoes that were fed with blood and each of the viral strains was determined. The survival of the infected mosquitoes was compared to the survival of the uninfected controls on day 14 pf, at which time the mosquitoes that had died during the course of the trial were removed in order to obtain the survival percentage relative to the total number of mosquitoes that were and were not fed the virus.
Coinfections
The strains DENV-2/3986 and DENV-3/3832 were used for the coinfections. For the in vitro assays, 2.5×10 5 C6/36HT cells were infected simultaneously with 2.5×10 5 genome copies/mL of both strains. At 96 hours post-infection, the supernatants were collected and stored at -70°C to determine the quantities of both the DENV-2 and DENV-3 strain viral genomes by RT-qPCR. In the in vivo trials, the mosquitoes were fed artificially according to the previously described protocol with a mixture of 2×10 5 genome copies/mL of both strains (DENV-2/3986 and DENV-3/3832). At 4, 8, 12, and 14 days pf, 6 to 10 mosquitoes were sacrificed and stored in groups at -70°C for viral genome quantification by RT-qPCR.
Viral RNA extraction and quantification by real-time RT-PCR
RNA extraction was performed on the supernatants from infected cells and the cephalothoraxes of fed females according to a modified RNAzol extraction technique [30] . Reverse transcription was performed on 0.5 µg of extracted RNA. The obtained cDNA served as templates for the real-time PCR reactions that were performed with the Maxima SYBR Green qPCR Master Mix Kit (Fermentas) and the serotype-specific primers mD1 (DENV forward), mTS2 (DENV-2 reverse), and TS3 (DENV-3 reverse), and the reactions were cycled according to a previously described thermal profile [28] . The amplifications were performed on a Smartcycler (Cepheid) system, and the numbers of genomic copies were calculated with the previously obtained calibration curves.
Statistical analysis
At least two independent experiments with three replicates each were performed to determine the differences in the replication capacities in C6/36-HT cells, and a minimum of six replicates each were performed in mosquito assays. The Mann-Whitney U test was used to compare the replication capacities between two strains of the same serotype (strain DENV-2/469 versus DENV-2/3986 and strain DENV-3/15859 versus DENV-3/3832). In the coinfection experiments, the genomic copy numbers were compared between the strains DENV-2/3986 versus DENV-3/3832 that were present in both the supernatants and the mosquito cephalothoraxes. All data were analyzed with SPSS for Windows version 15.0 (SPSS, Chicago, IL, USA), and differences were determined to be statistically significant if the p value was less than 0.05.
Results
DENV-2 and DENV-3 strain infections affected mosquito cell viability
To determine the effects of infections with two strains from serotypes 2 and 3 on C6/36HT cell viability, an MTT assay was performed at 96 hours post infection. The viability decreased significantly (Mann-Whitney U, p < 0.05) between the uninfected cultures and those infected with the strain DENV-2/469 (85.7% viability), DENV-2/3986 (72.0% viability), or DENV-3/15859 (84.0% viability). No significant differences (Mann-Whitney U, p > 0.05) were found between the uninfected cultures and those infected with the DENV-3/3832 strain (90.1% viability; Figure 1) .
Strains of the same serotype had the same replication efficiencies in mosquito cells
To determine whether there were replication differences between the two strains of the same genotype or between serotype 2 (DENV-2/469 and DENV-2/3986) and serotype 3 (DENV-3/15859 and DENV-3/3832), C6/36HT cells were infected and the amounts of viral genome released into the supernatants were quantified at 96 hours post-infection. RT-qPCR quantification showed no statistically significant differences (Mann-Whitney U test, p > 0.05) between the amounts of viral RNA in the cultures infected with the strain DENV-2/469 (5.05×10
8 genome copies/mL) and those infected with DENV-2/3986 (9.85×10 8 genomic copies; Figure 2A) . Similarly, no statistically significant differences (Mann-Whitney U, p > 0.05) were observed in the numbers of genomic copies produced by the cultures infected with strain DENV-3/15859 (6.22×10 4 genomic copies) versus those infected with DENV-3/3832 (7.46×10 4 genomic copies; Figure 2B ). However, an important difference was observed between the amounts of viral RNA in the cultures infected with DENV-2 strains, which were four logarithmic units higher than the number of copies of viral RNA from strains of serotype 3. 
Ae. aegypti mosquito survival is unaffected by DENV infection
Survival in the infected mosquito colonies was evaluated and compared with survival in the uninfected control colony. No statistically significant differences were observed between the survival rates of the groups fed with strains DENV-2/469 (77.9%), DENV-2/3986 (83.5%), DENV-3/15859 (85.0%), or DENV-3/3832 (79.9%) when compared to that of the uninfected control group (Student's t-test, p > 0.05; Figure 3 ).
The salivary gland dissemination efficiency was similar between strains of the same serotype
To evaluate differences in salivary gland dissemination in mosquitoes infected with the two strains of each serotype, the viral RNA amounts were quantified at different times (4, 8, 12, and 14 days post feeding). At day 12, the serotype 2 strains reached peak viral replication levels (2.15×10 6 and 2.94×10 5 genomic copies for strains DENV-2/469 and DENV-2/3986, respectively; Figure 4A ). Similarly, the viral RNA amounts for the serotype 3 strains also reached peak levels at day 12 (3.55×10 3 and 2.04×10 3 genomic copies for strains DENV-3/15859 and DENV-3/3832, respectively; Figure 4B ). The replication kinetic was similar between the two strains of each serotype. Statistically significant differences were not found for the serotype 2 infections (Mann-Whitney U test, p > 0.05) with regard to the viral RNA amounts of the two strains at any of the time points ( Figure 4A ). In contrast, statistically significant differences were observed on day 8 of the serotype 3 infections (MannWhitney U test, p < 0.05) with regard to the viral RNA amount, which was higher in DENV-3/15859 straininfected mosquitoes relative to DENV-3/3832-infected mosquitoes ( Figure 4B ).
Serotype 2 replicates efficiently in coinfected C6/36 HT cell cultures
To assess whether one serotype might replicate more efficiently in C6/36HT cells, coinfections were performed with the strains DENV-2/3986 and DENV-3/3832; these strains were selected because they had been isolated recently (in 2006 and 2007, respectively), and serotypes 2 and 3 had been associated with the increase of severe forms of dengue in Colombia during the last decade [13, 27] . At 96 hours post-infection, serotype 2 was found to replicate more efficiently (3.18×10 9 genomic copies) than serotype 3 (7.04×10 5 genomic copies). The number of genomic copies of serotype 2 obtained from the coinfected cultures was nearly four logarithmic units higher than the number of copies of serotype 3 from the same cultures. This difference was statistically significant (Mann-Whitney U test, p < 0.05; Figure 5 ).
Serotype 2 replicates more efficiently in coinfected Ae. aegypti
To assess whether one serotype might replicate more efficiently in Ae. aegypti mosquitoes, coinfections were performed with the strains DENV-2/3986 and DENV-3/3832, and the amounts of viral RNA were quantified at different times pf (4, 8, 12 , and 14 days pf). For all evaluated days, the amount of viral RNA of strain DENV-2/3986 was significantly higher than that of strain DENV-3/3832 (MannWhitney U test, p < 0.05). The increases in the amounts of serotype 2 viral RNA with respect to those of serotype 3 were 1.07×10 3 , 2.24×10 2 , 1.45×10 3 , and 2.25×10 3 logarithmic units on days 4, 8, 12, and 14, respectively ( Figure 6 ).
Discussion
The importance of DENV genetic variability lies not only in permitting serotype and genotype classifications, but also in enabling the associations of certain strains with their epidemic potentials. This is of particular interest in areas where all four serotypes cocirculate, such as Colombia. Additionally, this cocirculation can result in coinfections of vectors or exposed individuals, a behavior that is globally understudied. Considering that, in recent years, an increase in the numbers of cases of dengue and severe dengue in Colombia has been linked to the circulation of more virulent serotype 2 strains [13] and the reemergence of serotype 3 strains [27] , it is of particular interest to study the replication features of the strains of both serotypes. Thus in this study, we evaluated the replication capacities of strains from both serotypes 2 and 3 in both single and coinfections and in both in vitro (C6/36HT cells) and in vivo infection systems (Ae. aegypti).
During evaluations of the replication capacities of some DENV serotype 2 and 3 strains in C6/36HT cells and the effects of such replication on cell viability, it was found that two strains of the Asian-American genotype of serotype 2 (DENV-2/469 and DENV-2/3986) decreased cell viability, but only one of the strains of serotype 3 genotype III (DENV-3/15859) had a similar effect (Figure 1 ), indicating differences in the biological behaviors of these strains. These results are consistent with a recent study in which strains of the same serotype but of different genotypes were reported to induce the appearance of different cytopathic effects (depending on the strain) in mosquito cells [31] . These differences might be due partly to more efficient replication of the virulent strains, and therefore might induce increased cytopathic effects and negatively affect cell viability.
No differences were found in an assessment of the replication capacities of the two viral strains of the same serotype (Figure 2 ), but differences were found when comparing the replication capacities of the two At various times post-feeding, the cephalothoraxes of individual mosquitoes were processed for total RNA extraction and subsequent viral RNA quantification by RT-qPCR. Serotype 2 replication was found to be significantly higher (Mann-Whitney U test, p < 0.05) than serotype 3 replication. The values are representative of two independent experiments (n = 24). Error bars represent the standard error of the mean (SEM). different serotypes. These results suggest that the mechanisms associated with different steps of the replication cycle are similar in strains of the same serotype but differ between serotypes. In this context, molecules that facilitate viral entry into mosquito cells have been characterized for strains of serotype 2 [32] and were found to be different from those characterized for serotype 3 [33] , a phenomenon that also occurs in the infection processes of other serotypes [34] . Additionally, other studies have indicated an absence of significant differences in the viral titers obtained from C6/36 cells that were infected with different strains of serotype 2 [31, 35] and 3 [31] , which is consistent with the results of this study.
The effects of infection on mosquito survival ( Figure 3 ) were first assessed in the in vivo model, and none of the strains were found to significantly affect the survival of Ae. aegypti. This might be because survival can be affected by environmental conditions and habitat rather than by the infection process. The environmental conditions that can affect survival include food availability, larval density, temperature, and endogamy [36] , all conditions that were controlled during laboratory colony maintenance in the present study.
When the replication capacities were assessed in the in vivo infection model, no statistically significant differences were found in the amounts of viral genome when the two strains of the Asian-American genotype of DENV-2 were compared on different days ( Figure  4A) . A previous study similarly demonstrated a lack of significant differences in the binding potential of DENV to the midguts of Ae. aegypti that had been infected with different serotype 2 genotypes [37] . These findings indicate that neither the strain nor the genotype is a determinant during the first contact between DENV and the mosquito vector. No statistically significant differences were found in the amounts of any of the DENV-3 genotype III strain viral genomes that were obtained from the infected mosquitoes, with the exception of the day 8 pf time point, when a larger amount of the DENV-3/15859 strain genome was detected ( Figure 4B ). In terms of biological efficacy, these results suggest that the two isolates from the Medellin-Colombia area from the same serotype and viral genotype have the same potential for transmission at day 14 pf, the day on which previous reports suggested the conclusion of the incubation period in the vector or the extrinsic incubation period [38] .
Although coinfections have not been sufficiently studied in both vectors and human hosts, existing evidence supports the idea that some serotypes can be found simultaneously in both mosquitos of the Aedes genus [22, 23] and humans [18, 19, 21] . Coinfections of the vector are highly important, especially in endemic areas in which all four serotypes cocirculate, because the vector can support infections of two or more serotypes by feeding on two different individuals. This behavior would subsequently affect the viral transmission dynamics [22] .
In the in vitro coinfection assessments with the DENV-2/3986 and DENV-3/3832 strains, the serotype 2 strain was found to replicate more efficiently than the serotype 3 strain ( Figure 5) . A similar behavior was observed in coinfections of C6/36 cells with serotype 2 and 4 strains. In this case, the levels of replication of DENV-2 were lower than those of DENV-4 [24] . These findings could indicate that under conditions of coinfections in cell lines, predominant replication of one serotype could be due to the presence of specific receptors that allow entry, as previously explained. For example, a lamininbinding protein has been described as being responsible for the entry of serotype 3 [33] , while the entry of serotype 2 into mosquito cells has been linked to Hsc 70 proteins (shock cognate protein 70) [39] and prohibitin [32] . So far, mechanisms that relate to differences in replication once the virus has entered the cell have not been described.
The in vivo coinfection results also showed that the serotype 2 strain had higher replication efficiency (more than 1000 more viral genome copies than serotype 3; Figure 6 ). Although this is the first report of artificial coinfections, serotypes 2 and 3 are known to have simultaneously shared the same vector and host in Asia [22] , a fact that is related to both the ability of both viruses to replicate efficiently in the vector and the ability of the vector to transmit the viruses. These factors have not been studied naturally. The findings obtained in this study are a first approach to the virus-vector relationship in the event of coinfection. The finding that serotype 2 replicated more efficiently than serotype 3 agrees with studies that have suggested that serotype 2 strains, mainly those of the Southeast Asian genotype, are more virulent than strains of other genotypes [29] , a fact that might explain the replicative advantage of serotype 2 relative to serotype 3. However, these differences are not only virus associated, because the vectors are known to have natural barriers that prevent midgut infection or spreading to the salivary glands [40] .
Although there are few studies on the modulation of immune responses against DENV infections in the mosquito, serotype 2 is known to be able to suppress the toll-like receptor-mediated responses [41] , which might favor the replication of serotype 2 over serotype 3.
Considering these results and although there are no known reports of natural coinfections in Colombia, the constant circulation of all four serotypes (serotypes 2 and 3 have been predominant in recent years), strain re-introductions or recurrences, and the presence of more efficient vectors for the transmission of some serotypes indicate that Colombia is susceptible to infections that could result in epidemiological profile changes and favor the occurrence of severe disease forms. Additionally, taking these data together with epidemiological data from the last 30 years in Colombia, there is a close relationship between serotype 2 replicative advantage over other serotypes, it having been reported in more than 40% of Colombian isolates [13] . Nevertheless, further studies are needed to determine how the two serotypes might interact within the same vector and how one serotype might affect the replication of the other.
